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Gastrulation is a process involving cellular commitment and movements whereby the three fundamental germ layers are established in
vertebrates embryos. Estrogen Receptor-Related (ERR) a is a nuclear receptor displaying high sequence identity to the Estrogen Receptors
(ERs). However, ERRa is unable to bind and to be regulated by estrogens or any natural ligand to date. Whereas recent studies have
suggested roles for ERRa in bone and adipose tissue metabolism in the mouse, little is known about its roles during embryonic development.
In zebrafish embryos, ERRa is expressed from the beginning of gastrulation at the margin of the blastoderm that represents the presumptive
mesendoderm. Using loss of function (morpholinos or a dominant-negative version of the protein) and gain of function (mRNA injection)
strategies, we show here that ERRa is involved in epiboly and convergent–extension (CE) processes in the zebrafish. Altogether, these results
propose ERRa as a new regulator of morphogenetic movement during gastrulation, independently of cell fate determination.
D 2005 Elsevier Inc. All rights reserved.
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Gastrulation is a crucial step in animal development,
leading from an undifferentiated cell mass to a well
patterned embryo exhibiting all the landmarks of the future
larva. This phenomenon proceeds by coordinated cell
differentiation and morphogenetic movements. During the
last few years, zebrafish (Danio rerio) has emerged as an
extremely powerful model to study these first steps of
development and in particular the movements that it
implicates (reviewed in Schier (2001) and Myers et al.
(2002a)). At Mid-Blastula Transition (MBT), initially non-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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pellier cedex 5, France.motile cells start to form pseudopodes and to undergo three
types of movements (Kane and Kimmel, 1993; Warga and
Kimmel, 1990). First, epiboly consists of the progression of
the spheric blastoderm cells around the yolk. Second, at the
onset of gastrulation, involution of the marginal blastomeres
gives rise to the epiblast and the hypoblast, the latter
representing the presumptive mesendoderm. Third and
concomitantly with blastoderm involution, lateral cells of
the epiblast and hypoblast converge toward the dorsal side
where they intercalate, resulting in a thickening and an
extension of the dorsal axis, a process referred to as
convergent–extension (CE).
Many molecules are now known to be involved in these
cellular movements. It was recently shown that a BMP
gradient not only specifies cell fates of the gastrula, but also
instructs cells how they should move (Myers et al., 2002b).
Indeed, high concentrations of BMPs govern ventral fate
commitment and inhibit CE, whereas low levels determine
dorsal fate and promote CE. Cellular movements have also
recently been shown to require members of the non-281 (2005) 102–111
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planar cell polarity (PCP) in Drosophila. Two zebrafish
mutants are affected in genes encoding Wnt protein-signal-
ing through the PCP pathway: the silberblick mutant (slb,
affected in wnt11; Heisenberg et al., 2000; Ulrich et al.,
2003) and the pipetail mutant (ppt, affected in wnt5; Kilian
et al., 2003). Many mutations in genes encoding membranar
or intracellular components of this pathway, such as
trilobite/vangl2 (Jessen et al., 2002), knypek (Topczewski
et al., 2001), dishevelled (Heisenberg et al., 2000) and
prickle (Veeman et al., 2003) have been identified in CE
movements regulation (reviewed in Tada et al. (2002)).
Other genes such as STAT3 (Yamashita et al., 2002), has2
(Bakkers et al., 2004) and cap1 and quatro (Daggett et al.,
2004) have been also implicated in regulation of CE
independently of the Wnt-PCP signaling.
Estrogen Receptor-Related receptors (ERRs) a, h and g
(respectively NR3B1, 2 and 3) have been cloned on the
basis of their high sequence identity with the Estrogen
Receptors (ERa and h, NR3A1 and 2; Giguere et al.,
1988) which act as ligand-(estrogen) dependent tran-
scription factors. However, ERRs are unable to bind
natural estrogens and no natural ligand has yet been
described (reviewed in Horard and Vanacker (2003)). As
further suggested by the crystallographic analysis of the
proteins (Greschik et al., 2002; Kallen et al., 2004), ERRs
might thus be ligand-independent transcription factors
whose activities solely depend on the C-terminal activation
domain (Vanacker et al., 1999a; Xie et al., 1999). In
contrast to this divergent hormone-binding properties, ERs
and ERRs share common response-elements and target
genes (Vanacker et al., 1999b), as well as overlapping
expression patterns in mammals (Giguere, 2002). In
addition, recent data have pointed to an important role of
ERRa in metabolic regulations in adipose and muscle
tissues (Luo et al., 2003; Mootha et al., 2004; Schreiber et
al., 2004). During mouse development, ERRa is expressed
in a complex pattern (Bonnelye et al., 1997) though its
absence in knockout animals does not result in gross
embryonic defect (Luo et al., 2003). We previously
reported that ERs were not expressed in the zebrafish
between the MBT and 48 hpf (Bardet et al., 2002). This
window of zebrafish development is therefore a highly
suitable period to analyze the functions of ERRa in the
absence of potential interference with estrogen-signaling.
In zebrafish, ERRa expression is detectable by RT-PCR at
the four-cell stage, presumably resulting from maternal
transmission of the mRNA, and by in situ hybridization
from 60% epiboly onward (Bardet et al., 2004). At that
time, it localizes at the level of the margin and
subsequently in presumptive mesendoderm. To address
the question of the role of ERRa orphan nuclear receptor
during early development, we used both loss- and gain of
function strategies. The study presented here indicates that
ERRa is required for normal gastrulation, where it
regulates cellular movements.Materials and methods
Morpholinos and plasmids
Morpholinos (Gene-Tools LLC; Philomath, Oregon)
were designed so as to overlap (errMO-1; start codon in
bold characters) or lie immediately upstream (errMO-2) of
the putative translation start codon. Sequences:
errMO-1: 5V CGTTCTCTGGAAGACATGATACCTT
errMO-2: 5V CTGCCGAAAAGCCAAAGGTCTTT
Standard control MO: 5V CCTCTTACCTCAGTTA-
CAATTTATA.
Full-length and dominant-negative forms of zebrafish
ERRa have been previously described (Bardet et al., 2004).
ERRaMO, bearing identical amino-acid sequence as
wtERRa but not targeted by errMO was constructed by
PCR (primers used: 5V CCA CCA TGA GCA GTC GTG
AAC GAC GCT CTG ACC TG 3V and 5V GTA TCT AGA
CTA GGG TGA GTC CAT CAT 3V) and subsequently
sequenced. ERRaMO RNA yielded the same effect as its
wild type counterpart when injected in embryos (data not
shown). ERR cDNAs were cloned in the pCS2+ vector
(Turner and Weintraub, 1994), except for ERRaMO, which
was cloned in pSG5 plasmid (Stratagene, La Jolla, CA).
mRNA synthesis and injections
mRNAs were synthesized using the mMACHINE-
mMESSAGE SP6 kit (Ambion; Austin, TX). Synthesis,
phenol/chloroform extraction and precipitation were per-
formed according to the manufacturer’s instructions. RNA
quality and quantity were evaluated by migration on a 1%
agarose gel and optical density reading. Zebrafish embryos
were raised at 28.58C and staged according to Kimmel
et al. (1995). Embryos obtained from natural spawning
were chemically dechorionated with a proteinase mixture
and placed in the injection dishes. One- to four-cell
embryos maintained in 0.3 Danieau solution (1
Danieau: 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4,
0.6 mM Ca(NO3), 2.5 mM Hepes, pH 7.6; Shih and
Fraser, 1996) on a 2% agarose dish were injected with
synthetic RNAs and morpholinos resuspended in 0.2%
phenol red, 100 mM KCl. For each sample, different
concentrations were first tested to reach the optimal effects.
On the presented data, ERRa-targeting MO were injected
at 0.4 mM each, control MO at 0.8 mM, mRNAs encoding
wt ERRa or ERRaDAF2 (Bardet et al., 2004) at 300 ng/
AL, and 750 ng/AL. In rescue experiments, ERRaMO was
injected at 500 ng/AL.
Measurement and counting of embryos
Embryos were randomly chosen and mounted in a 2.5%
methylcellulose medium between slides. Photos were
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Pecq), and measurement performed with the NIH Image
software. To evaluate epiboly progression defects, animal
pole-to-margin (Ap–M) and animal-to-vegetal pole (Ap–
Vp) lengths were measured during the course of
gastrulation. To exclude developmental delays due to
temperature variations during injections, all embryos,
including uninjected ones, were equally processed and
stages were defined relative to uninjected embryos.
Percentage of epiboly was estimated as Ap–M/Ap–Vp
ratio. 5 to 10 specimens were measured and significance
of the differences with the control was assayed by
Student’s t test (P values indicated). For both epiboly
and elongated shape phenotypes, three classes were
defined by observation. For epiboly defects, measurementsFig. 1. Effect of ERRa-targeting MOs on zebrafish epiboly. (A) Side views (dorsa
or with two ERRa-targeting MOs (errMO 1+2; lower panels) at different stages o
one of the control and wild type embryos). (B) Mean epiboly progression at diffe
and errMOs-injected (blue line) embryos. Note that wild type and control MO em
line). Except for this last case, P values of the Student’s t test are indicated when sig
observation when the control embryos reached 80% of epiboly. Embryos were sco
for each condition is indicated below the graph.presented on the graph (Fig. 1C) were performed when
control embryos reached 80% epiboly. Injected embryos
were sorted as normal, mildly retarded (less than 15%
epiboly delay) or strongly retarded (more than 15%). For
elongated phenotypes, 12 hpf embryos were sorted as
unaffected, caudally elongated or cylinder shaped. To
evaluate extension defects, axis length was measured
(distance from tail bud to the anterior most part of the
head) from the end of gastrulation to early segmentation
stages according to the method described in Sepich et al.
(2000). An evaluation of the prechordal plate migration
was obtained by measuring the distance between tail bud
and hgg-labeled cells. These measures were divided by
dorso-ventral distance to minimize variations due to the
size heterogeneity of the embryos.l to the right) of embryos injected either with the control MO (upper panels)
f development (hours post-fertilization {hpf} are indicated, according to the
rent times after fertilization of wild type (green line), controlMO- (red line)
bryos have already reached the tail bud stage at the last time point (dashed
nificant (nN = 6). (C) Strength of epiboly delay as evaluated by microscopic
red as unaffected, mildly or strongly delayed. Number of embryos examined
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Staged embryos were fixed in 4% paraformaldehyde
overnight and thereafter stored at 208C in 100% methanol.
Antisense digoxigenin (DIG) labeled RNA probes were
synthesized according to the manufacturer’s instructions
(Roche, Meylan). Hybridization and detection with alkaline
phosphatase-coupled anti-DIG antibody (Roche, Meylan)
were performed according to Thisse et al. (1993). hgg
antisense RNA probe was labeled with fluoresceine-coupled
nucleotides (Roche, Meylan) and was detected with an AP-
coupled antibody (Roche, Meylan), using Red tablets as a
substrate when required (Figs. 4J–K). Two-color in situ
hybridization was performed as described by Westerfield
(2000; available on http://www.zfin.org).Fig. 2. Expression of notail, goosecoid and draculin markers in morphant
embryos. Expression of notail (ntl, lateral view, A–B), goosecoid (gsc;
lateral view; C–D) and draculin (drac; animal view; E–F) genes were
determined by in situ hybridization on 8 hpf embryos injected with control
MO (A, C, E) or with ERRa-targeting MOs (B, D, F). Dorsal side to the
right.Results
Loss of ERRa function delays epiboly
To investigate the roles of ERRa in zebrafish early
development, we used two non-overlapping morpholinos
(MO) targeting its mRNA, spanning (errMO-1) or imme-
diately upstream of (errMO-2) the putative translation start
codon. Identical phenotypes were obtained using each MO
independently, albeit to a lower extent than when co-
injecting both MOs (errMO 1+2), a method that we used
thereafter. Co-injection of both MOs resulted in a slowing
in margin progression around the yolk (epiboly) obvious
from 7 hpf onward (Fig. 1A). The same amount of control
MO had no effect on epiboly, giving rise to embryos
undistinguishable when compared to uninjected siblings
(see Fig. 1B). Animal-to-vegetal pole (Ap–Vp) and animal
pole-to-margin (Ap–M) length were evaluated on injected
embryos. At the shield stage (6 hpf) Ap–M to Ap–Vp
ratio, reflecting the percentage of covering of the yolk by
the embryo, usually referred to as percentage of epiboly,
did not differ significantly between erra morphants and
control embryos (Fig. 1B). However, at 7 and 8.5 hpf,
errMOs injected embryos had achieved 10 to 15% less
epiboly than control embryos. Though epiboly was not
completely stopped, at 10.5 hpf (i.e. when control embryos
had completed epiboly and begun somitogenesis), erra
morphants still presented 10% of naked yolk. Embryos
were recorded in three different classes according to the
strength of the phenotype. More than 25% of the embryos
were severely affected by the injection of errMOs, whereas
50% displayed a milder phenotype (Fig. 1C). The
specificity of the phenotype was verified by injection of
a full-length ERRa mRNA, modified so as not to be
targeted by the MOs (ERRaMO), in rescue experiments.
Embryos co-injected with errMOs and ERRaMO dis-
played an almost normal epiboly progression (Fig. 1C).
The observed epiboly defect was not a mere consequence
of a global developmental delay since several markers ofearly territories including BMP4, wnt8a and ntl were
normally expressed in morphants (Figs. 2A–B and data
not shown). This delay concerns deep cells, as well as yolk
syncytial layer (YSL) and enveloping layer (Fig. 1A and
data not shown). Note also that the epiboly of forerunners
cells (labeled with ntl; Figs. 2A–B) did not dramatically
differ from that of deep cells in erra morphants. Further-
more, involution, which has been shown to interfere with
epiboly (Feldman et al., 2002), was not perturbated, as
demonstrated by the hypoblastic localization of gsc-
(Stachel et al., 1993) and drac- (Herbomel et al., 1999)
expressing cells in both erra morphants and wild type
embryos (Figs. 2C–F).
To address whether the activation function of ERRa is
required for the process of epiboly, we injected an mRNA
deleted of the C-terminal domain encoding 22 amino acids
necessary to transcriptional activation (further referred to as
ERRaDAF2). In cell culture based assays, the protein
encoded by this construct behaves as a true dominant-
negative receptor (Bardet et al., 2004; Vanacker et al.,
1999a). Expression of this mutant in zebrafish embryos also
resulted in a delay in epiboly (Fig. 3). In contrast, injection
of an mRNA encoding wild type ERRa–which differs only
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epiboly. Furthermore, a dose-dependent effect was observed
on the distribution of the resulting phenotypes (Fig. 3D). In
summary, loss of ERRa protein function, obtained by
blocking either its translation or its activity, resulted in a
delayed epiboly. These results indicate that ERRa plays a
crucial role in zebrafish embryogenesis and particularly in
epiboly.
Convergent–extension movements are affected in morphants
The effects of a loss of ERRa expression on later
development were also determined. After gastrulation, erra
morphants displayed a cylinder-like shape at the 4-to-6
somites stage (Figs. 4A–B) and bsnail-shellQ shaped tail at
24 hpf (Figs. 4C–D). Again, these effects were rescued by
injection of ERRa-encoding mRNA (Fig. 4E). Such a
phenotype, reminiscent of the BMP-pathway mutants
(Mullins et al., 1996) could be interpreted as resulting from
an early dorsalization during gastrulation. However, again,
the expression pattern of bmp4, wnt8a and drac (early
ventral markers) as well as of gsc (dorsal marker) appeared
normal in early gastrulae of erra morphants, arguing against
an early dorsalization (see Fig. 2 and data not shown).Fig. 3. Effect of ERRa encoding mRNAs on epiboly. (A–C) Side views of 9 hpf em
ERRaDAF2 (B) or wild type ERRa (C) compared to the uninjected embryos (A)
ERRa mRNA. Wild type or ERRaDAF2-injected embryos (at the indicated concen
embryos reached 80% of epiboly. Number of embryos examined for each conditConsistently, the major territories of the embryo were all
present at the six somites stage, as revealed by in situ
hybridizations. Indeed, the midbrain–hindbrain boundary
(detected by pax2.1; Krauss et al., 1991) and rhombomeres
3 and 5 (detected by krox20; Oxtoby and Jowett, 1993), as
well as the paraxial mesoderm (detected by myoD; Wein-
berg et al., 1996) were not shifted ventrally (Figs. 4F–G), as
would have been expected in a dorsalized mutant (Dick et
al., 2000; Kramer et al., 2002; Mullins et al., 1996).
Furthermore, the lateral pronephric ducts (detected by
pax2.1), absent in the dorsalized mutant swirl (Mullins et
al., 1996), were present in erra morphants, although they
have a ventral position (Figs. 4F–G; arrowhead). These
observations indicate that cellular movements rather than
ventral determination were affected by ERRa depletion.
Moreover, the notochord and the floor plate, expressing shh
(Krauss et al., 1993), were enlarged and less compacted in
erra morphants (Figs. 4H–I, arrow) suggesting that cells
had failed to converge dorsally. On the opposite, the
prechordal plate (most anterior part of the axial mesoderm,
labeled by hgg, or cathepsin L, b, Vogel and Gerster, 1997)
migrated normally toward the edge of the neuroectoderm
(labeled by dlx3; Akimenko et al., 1994; Figs. 4J–K). This
indicates that axis extension was not modified whenbryos injected with RNA (300 ng/Al) encoding either the dominant-negative
. (D) Dose-dependence of the epiboly delay induced by dominant-negative
trations) were scored as unaffected, mildly or strongly delayed when control
ion is indicated below the graph.
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sable for tissue differentiation but required for morphoge-
netic movements, and in particular dorsal convergence.
ERRa overexpression impairs extension of anteroposterior
axis
As noted above, injection of ERRa-encoding mRNA did
not modify epiboly (see Figs. 3C and D). No major
territories were missing when segmentation started, asFig. 4. Effect of ERRa-targeting MOs on zebrafish later development. (A–D). Late
12 hpf (A–B, dorsal to the right) and at 24 hpf (C–D). (E) Strength of the observed
elongated or cylinder shaped. Number of embryos examined for each condition is
(m), pax 2.1 ( p) and krox20 (k) probes (F–G, lateral views, dorsal to the right), s
dorsal to the right), on embryos at 12 hpf, injected either with control MO (F, H, J)
in a ventral position in errMO-injected animals. shh expression domain (I, arrow
embryos presented here did not display a strong delay in epiboly.demonstrated using the same set of probes as in erra
morphants above (Figs. 5C–F). However, at 48 hpf, injected
animals displayed a dramatically shorter body axis (Figs.
5A–B). Early on, the shorter anteroposterior (AP) axis of
injected embryos was already detectable, as shown by the
reduced extension of pax20, krox20 and myoD regions of
expression (Figs. 5C–D) and also the twisted aspect of shh
expression domain at 11 hpf (Figs. 5E–F). When measured
from the tail bud to the anterior tip of the head, the AP axis
of erra injected embryos was significantly shorter than thatral views of living embryos (control MO- (A,C) or errMO- (B,D) injected) at
phenotypes. Injected embryos were scored at 12 hpf as unaffected, caudally
indicated below the graphe. (F–K) In situ hybridization with a mix of myoD
hh probe (H–I, dorsal views) or hgg (in red) and dlx3 (J–K, lateral views,
or erra targeting MO (G, I, K). Note the pronephric ducts (F–G, arrowheads)
) is enlarged, but less dense, in the morphant as compared to control. All
Fig. 5. Axis length reduction in ERRa encoding RNA-injected embryos. (A–B) Lateral views of wild type (A) and ERRa-injected embryos (B) at 48 hpf. Note
the tail shortening and the cyclopia of the injected embryo (arrowhead and ventral view of the head in the inset). (C–H) Uninjected (C, E, G) or ERRa mRNA
injected (D, F, H) embryos hybridized with a mix of myoD (m), pax 2.1 ( p) and krox20 (k) probes (C–D, lateral views of 12 hpf embryos, dorsal to the right),
shh probe (E–F, dorsal views of 12 hpf embryos) or hgg, dlx3 and myoD (G–H, lateral views of 11 hpf embryos, dorsal to the right; insets: anterior views of the
head). Note that the prechordal plate, labeled by the hgg probe (open arrowhead), has migrated to the tip of the anterior head (delimited by dlx3 expression,
arrow) in wild type (G) but not in ERRa mRNA injected (H) embryos. (I) Axis length of wild type (red line) and ERRa mRNA injected (large blue line) from
90% epiboly to 6 somites stages. Axis length is the distance from the tail bud (black arrowhead in panels G–H) to the anterior tip of the head (arrow in panels
G–H). P values of the Student’s t test are indicated when a significant difference of the length is measured. Distances between the tail bud and the prechordal
plaque (open arrowhead in G–H) have been plotted for ERRa mRNA injected embryos (thin blue line). This distance in wild type embryos is identical to axis
length.
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a strong delay in the migration of hgg-labeled prechordal
plate toward dlx3-expressing neuroectoderm (Figs. 5G–H,
and thin blue line on graph I). Different works have
suggested that disruption of the prechordal plate migration
is associated with CE defects and may lead to cyclopia
(Bakkers et al., 2004; Daggett et al., 2004; Heisenberg et al.,
2000). Consistently, at 48 hpf, the most strongly affected
embryos were cyclops (see Fig. 5B, arrowhead and inset).
The shortening of the AP axis and defects in the
prechordal plate migration toward the tip of the head
indicated a strong defect in extension of the axial mesoderm
when ERRa is overexpressed. This observation supports the
hypothesis of an implication of ERRa in the control of CE.All together, our results indicate a role of the ERRa orphan
nuclear receptor in the control of different morphogenetic
movements during gastrulation.Discussion
We have previously shown that zebrafish ERRa, an
orphan nuclear receptor, is maternally transmitted and
thereafter expressed in the presumptive mesendoderm of
the gastrula (Bardet et al., 2004). Using loss- and gain of
function experiments, we show in this study that ERRa
participates in different morphogenetic movements during
gastrulation. First, ERRa is necessary to achieve epiboly,
P.-L. Bardet et al. / Developmental Biology 281 (2005) 102–111 109since loss of function delays this process. Second, erra
morphants display enlarged axial tissues and ventrally
positioned pronephric ducts, suggesting a disrupted con-
vergence. Third, overexpression of ERRa shortens the
length of the AP axis and slows down prechordal plate
migration, indicating axis extension defects. As demonstra-
ted by in situ hybridizations, none of these effects can be
correlated to alterations of cell fate determination. All these
data indicate that ERRa has an impact on cellular move-
ment rather than on cell differentiation.
Epiboly delay
Loss of ERRa function leading to epiboly delay was
achieved by using either two non-overlapping morpholinos
(MO) or a truncated form of the protein lacking its
activation domain. This truncated receptor has a really
potent dominant-negative effect in cell transfection assay
(Bardet et al., 2004; Vanacker et al., 1999a). This is
consistent with the fact that its injection leads to the same
epiboly delay as the MO-based loss of function, most
probably through the specific inhibition of the endogenous
protein activity. We are unable to inject a sufficient amount
of wild type RNA because of the limits of the injection
technique, and therefore we cannot trigger a significant
rescue of the delay (data not shown). Thus, although we
cannot definitively rule out the hypothesis that the observed
delay is due to the interaction of this truncated protein with
an unrelated pathway, the most likely interpretation of these
results is that, in both cases, loss of either the complete
ERRa protein (MOs) or only its activation domain
(ERRaDAF2) impairs the process of epiboly.
It was initially thought that epiboly was solely mediated
by radial intercalation of blastodermal cells (Warga and
Kimmel, 1990). However, an active role of the yolk
syncytial layer (YSL) as a major driving force of epiboly
has also been suggested. Indeed, chemical treatments
(Solnica-Krezel and Driever, 1994) or RNase injection
into the yolk (Chen and Kimelman, 2000), result, among
others, in disruption of the epiboly of both the YSL and
deep blastoderm cells. In contrast, in mutants such as
volcano (Solnica-Krezel et al., 1996) or others described in
Kane et al. (1996), in which the epiboly of deep
blastodermal cells is blocked, the YSL migrates normally.
In erra morphants, we observed that YSL progression is
always affected to a similar extent as that of the deep cells
(Fig. 1A). Likewise, epiboly of forerunners cells was also
impaired (Figs. 2A–B), the migration of which is
unaffected when deep cells epiboly is affected but YSL
one is normal, as in volcano mutant (Solnica-Krezel et al.,
1996). Involution of marginal cells leading to the
formation of the hypoblast has also been suggested to
indirectly impact on epiboly (Feldman et al., 2002). Erra
morphants displayed normally involuting gsc positive cells
demonstrating that the receptor did not affect marginal cell
involution. Altogether, our data suggest that ERRa exerts acontrol on the movements responsible for epiboly, prob-
ably by acting on the YSL progression around the yolk.
The recent report of several mutations with a maternal
effect on the progression of the epiboly suggests that this
process is merely controlled by maternally transmitted
RNA (Wagner et al., 2004), as it is the case for erra
(Bardet et al., 2004). As in poky, slow and bedazzled
mutants (Wagner et al., 2004), and for MOs directed
against GPC3 (De Cat et al., 2003) and mir (Knowlton et
al., 2003), the epiboly of most erra morphants is not
blocked, but only slowed down. Part of ERRa mRNA
might thus have escaped the translational inhibition or
alternatively ERRa might only act on certain, but not all,
aspects of epiboly.
Convergent–extension defects
Loss of function of ERRa results in aberrant spatial
distribution of some of the territories and a modification of
the global morphology of the embryo at the end of
gastrulation. Whereas the cylinder shape of late gastrulae
was reminiscent of dorsalized phenotypes (Dick et al., 2000;
Kramer et al., 2002), analysis of early cell fate markers did
not suggest any dorsalization in the erra morphants.
Inhibition of ERRa therefore likely results in altered cellular
movements rather than in changes of cellular differentiation.
In zebrafish as in Xenopus, mediolateral cell intercalation
was proposed to be the major behavior responsible for the
coupling of convergence and extension (Glickman et al.,
2003; Wallingford et al., 2002; Warga and Kimmel, 1990).
Both convergence and extension are affected when knock-
ing down STAT3, a transcription factor expressed in the
dorsal part of the embryo (Yamashita et al., 2002). However,
whereas STAT3 influences axis extension in a cell-autono-
mous manner, it controls dorsal convergence of lateral cells
at long distance thus in a cell-non-autonomous manner.
Morpholinos targeting has2 (Bakkers et al., 2004) and
quatro (Daggett et al., 2004) give rise to a diminished
convergence with almost normal extension. Based on these
observations and time-lapse recording of the dorsal elonga-
tion (Glickman et al., 2003), it was proposed that separate
mechanisms control each movement at least to some extent.
Thus, convergence and extension, which were first thought
to be coupled in a mandatory manner, appear to be at least
partially controlled by separate mechanisms.
Several observations in our study suggest that erra
morphants are affected in convergence but not in extension.
For instance, the ventral position of the pronephric ducts
indicates that cells have not migrated to their correct
paraxial localization, thereby revealing a defect in con-
vergence. This is also suggested by the broader and more
diffuse expression of shh at the level of the notochord.
Noteworthy, the prechordal plate migration (revealed by
hgg expression; Fig. 4) occurred normally, indicating that
axis extension was not impaired. Finally, the ERRa knock-
down phenotype is strikingly reminiscent of that of has2,
P.-L. Bardet et al. / Developmental Biology 281 (2005) 102–111110where early dorso-ventral patterning is maintained but
convergence, and not extension, is affected (Bakkers et
al., 2004).
In contrast, overexpression of ERRa via mRNA injection
gave rise to embryos with a shortened AP axis and a delayed
migration of the prechordal plate (Fig. 5). These defects are
quite usual of CE mutants. For instance, slb and other
mutants of the planar cell polarity pathway display cyclopia
and extension defects (Heisenberg et al., 2000; Ulrich et al.,
2003; reviewed in Myers et al. (2002b)). Again, over-
expression of ERRa parallels the effects observed for that of
Has2, for which reduced axis extension and partial cyclopia
were described (Bakkers et al., 2004). Thus, ERRa
influences CE movements and more precisely potentiates
convergence of the lateral mesoderm, where it is highly
expressed (Bardet et al., 2004). In addition, ERRa inhibits
axis-specific extension, a result consistent with the fading of
its axial expression at the end of gastrulation.
Nearly all the epiboly-delayed erra morphants were
elongated when they reached the tail bud stage, raising the
possibility that elongation might be a mere consequence of
epiboly defects. However, elongation was also frequently
observed in knocked-down embryos that had undergone
normal epiboly (data not shown). We therefore favor a
threshold effect: high efficiency of ERRa knock-down
would result in both phenotypes, whereas in cases of lower
inactivation, the remaining ERRa activity would be
sufficient for normal epiboly but not for CE movements.
Still, our results suggest that factors such as ERRa may act
on both phenomena as has been suggested for GPC3, a GPI-
anchored proteoglycan, the knock down of which also
results in a delay in epiboly and CE defects (De Cat et al.,
2003).
In mammals, ERRa has been implicated in the regulation
of bone homeostasis (Bonnelye et al., 2001), energy storage
and consumption and mitochondrial biogenesis (Luo et al.,
2003; Mootha et al., 2004; Schreiber et al., 2004). However,
no developmental function had been attributed to date to this
orphan receptor. Our results demonstrate that ERRa is a
transcriptional regulator of cellular movement during zebra-
fish development.Acknowledgments
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